. Top half: A rotating wheel as it proceeds continuously (as indicated by the black arrows) from a, through b, to c is shown at three discrete time moments (1, 2, and 3). Perceived rotation will be according to the movement of the black dot. Lower half: If images are refreshed at a slower rate (from d to f), cinematographic reversal will result, according to the grey arrow.
A further issue that sets aside the discrete from the continuous version of the illusion, at least at face value, is that the principle of proximity also qualifies as a candidate mechanism for illusory Levichkina et al.
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Page 5 reversals (Ullman 1981; Finlay et al 1984) . In static displays of ambiguous dot lattices, observers determine their groupings based on proximity between the dots in a graded, stochastic fashion (Kybovy and Wagemans 1995) . This means that grouping according to another than the closest distance will sometimes occur (Kubovy and van den Berg 2008; Kubovy and Wagemans 2005) . In animated displays, proximity between successive displacements is known often to have graded, probabilistic effects and violations of grouping by proximity are common (Gepshtein and Kubovy 2007) . For the discrete version of the wagon wheel illusion, rotation may therefore likewise be sometimes interpolated in the direction, opposite to the shortest distance between contour positions.
The graded dependency on proximity could be specified, based on an attraction function.
With a constant frame rate we may expect motion sensitivity to depend on displacement C -the shift between two discrete presentations, expressed as a proportion of the stimulus period (Watson, 1990) . For instance, for the wagon wheel with 16 spokes (or periods) in Figure 2 , a shift of 5 degrees from one frame to another would equal a C of 5 o / (360 o / 16) = 0.222. We express the attraction function as φ(C).
For grouping by proximity in static dot-lattices (Kubovy and van den Berg 2008; Kubovy and Wagemans 1995) the attraction function was shown to have an exponential form, with a sensitivity parameter S. Whereas Kubovy and Wagemans (1995) used φ as input to a choice function for independent alternatives (Shepard 1987) , there are no independent alternatives here. We therefore simply predict the strength of the illusion directly from the attraction function:
with coefficient α > 0 and S > 1; 0 < | C | < .5; "| . |" denotes absolute value. Strength represents the percentage of time that the illusion is reported for a given display. Note that Equation 1 specifies wheel illusion strength for the full range of possible discrete presentations; the stimulus would be a static wheel for | C | = 0, 1; a flickering (static contrast reversing) wheel for | C | = .5; for .5 > | C | > 1 reversal would become cinematographic.
Levichkina et al.
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Snapshots So far we have described proximity as a mechanism that characterizes the discrete version of the wagon wheel illusion. Contrary to what we propose, discrete or continuous illumination would make no difference, if it could be established that the visual system processes the world internally as a sequence of static snapshots (Allport 1968; VanRullen et al 2005) . In this view, there is no inherent ambiguity to rotation direction, insofar contours are always grouped according to greatest proximity. Rather, reversals in perceived rotation direction will occur, because the refresh-rate of the internal snapshots is too low to keep up with rotation-attentional undersampling of the stimulus; a perceptual analog of the cinematographic reversal in the lower half of Figure 1 (VanRullen et al 2005) . VanRullen and his colleagues identified a narrow band of temporal frequencies around 10 cps (9.2-13.3 cps) as most likely to elicit the wagon wheel illusion (VanRullen et al 2005) . For a similar frequency in EEG activity -13 Hz in the right centroparietal region of the cortex, the power was found to be reduced during illusory reversal, compared to non-illusory motion ; hence 13 Hz was deemed to qualify as possible correlate of the snapshot rate. After the rightparietal region was subject to transcranial magnetic stimulation, the illusion was reduced (VanRullen et al 2008) . Note, however, that this effect could, in principle, have equally well been the result of a more generic attenuation of parietal, i.e. visuospatial attention. Nevertheless, the snapshot hypothesis has been considered a prominent explanation of the illusion.
Temporal frequency versus Displacement
Between the proximity and snapshot hypothesis, predictions diverge. Whereas the former considers the illusion a function of displacement C, the latter considers it a matter of temporal frequency of the stimulus. We will compare these predictions. In Experiment 1 we determined illusion strength for the entire range of C where non-cinematographic reversals could be expected.
We obtained the best-fitting exponential according to Equation 1. In Experiment 2, we presented stimuli at the same C-levels in two conditions: one in which, as in the previous experiment, the Levichkina et al. Wagon Wheel Illusion Page 7 stimuli were moved by a step of size C in each new frame, and one in which this happened in each second frame only, reducing the temporal frequency to half but preserving C. According to the proximity hypothesis, the illusion strength as a function of C should not change markedly when temporal frequency changes, whereas temporal frequency-based explanations should expect a shift of the illusion maximum along the C-axis as a result of presenting it at half the frequency. On the other hand, if we graph illusion strength as a function of frequency, we should observe a shift in the function according to the proximity hypothesis, but not according to the frequency hypothesis.
Experiment 1
Method
Observers. The experiment involved thirteen naive observers (five males). They varied in age from 18 to 35 years (mean age 23). All observers in this and the following experiments are healthy volunteers with normal or corrected to normal visual acuity. They had given informed consent for participation; the RIKEN ethical committee had given their approval to this study. Accuracy of stimulus presentation on a computer screen is crucial for estimating the apparent motion and motion illusions. We used custom software using the OpenGL library to present our stimuli "in real-time", i.e. with a frame refresh rate of 10 ms, equal to the refresh rate of the monitor (or 20 ms, twice the monitor refresh rate, in some conditions of Experiment 2). To control frame loss this software was running on a GNU/Linux operating system with a real-time pre-emptible kernel patch, where the software for synchronization with the vertical retrace event (the moment when the electron beam returns from the bottom-right to top-left of the screen to start a new monitor refresh cycle) was implemented by means of the standard 'SGI_video_sync' GLX extension of the OpenGL library.
During stimulus presentation we recorded the exact time moment of each frame display with an external photocell device connected to a second computer (PowerMac G4 with EGI NetStation software) devoted to synchronized registration of these signals and observer's responses. This allowed us to ascertain that no missed frames or significant time delays occurred during stimulus presentation.
All stimuli were viewed binocularly from a distance of 1 meter presented at eye-height while the observer was seated comfortably in a sound-attenuated room, in which the monitor was the only light source. Observers indicated the perceived rotation of the wheel on display, using a small response panel which they held in both hands, using the outermost keys to respond with their thumbs. Prior to the experiment they were asked to choose which keys they preferred for which Levichkina et al. Wagon Wheel Illusion Page 9 motion direction. The overwhelming majority used the right key for clockwise and the left key for the counterclockwise rotation. No relationship of this preference with handedness was observed.
Procedure. Before the experiment each observer received a brief training session. Training consisted of 3 trials organized in the same way as in the experimental session (see below) with one exception: for the training session we used C = .05, .18 and .42, all different from the experimental session. Observers were instructed to fixate the dot in the center as soon as it appeared and to maintain their fixation during the trial. They pressed the corresponding key as soon as they recognized the direction of wheel rotation and switched to the other key as soon as they experienced a reversal. When the reported direction differed from the cinematographic rotation direction we recorded this as an illusion. All observers reported at least one illusory reversal during the training, so we considered it sufficiently extensive. After the training a 2 min interval of resting time was provided to prevent any sensory persistence of the training stimuli from influencing the experiment.
Each trial began with a 5s white fixation dot (which turned grey as soon as the wagon wheel appeared), followed by 60 s presentation of a wheel rotating at a constant rate. Between trials there were 60 s intervals, during which the screen illumination was uniformly background gray.
For each trial a fixed C value was chosen in the range from .04 to . 48: .04, .12, .16, .2, .24, .28, .32, .36, .4, .44, .48 clockwise and the same in the counterclockwise direction (-.04 to -.48). As the monitor refresh rate was 100 Hz (10 ms per frame), the C range .04 - (Schouten 1967) . For each C value a trial was presented once, yielding a total of 22 trials in random order. The complete experiment lasted 45 min.
Results
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Strength of the wagon wheel illusion. We measured illusion strength as the percentage of time observers report illusory motion. Because the task is 2-AFC, the complementary percentage is when the veridical image is seen. No significant differences in illusion strength occurred between clockwise and counterclockwise rotation, so these conditions were pooled. From here on, absolute values of C are given unless specified otherwise. Figure We considered the possibility that the fit was, in fact, the product of averaging over individual curves composed of two linear parts: one for C less than .25, in which the illusion rarely occurs and a steeper part, in which C varies from .25 to .50 and illusory reversal is observed more frequently. However, a single exponential curve resulted in a better fit to individual observer data for all observers except one: the individual coefficients of determination for individual exponential Levichkina et al.
Wagon Wheel Illusion Page 12 fit vary from .62 to .97, the mean value is .90, SD = .09; the individual coefficients of determination for piecewise fit with one breakpoint vary from .54 to .91, the mean value is .82, SD = .1.
First appearance of the illusion. The latency to the first appearance of the illusion depended on C (Figure 4) . A negative correlation between C and first appearance latency was found for 11 out of 13 observers, the mean Spearman correlation coefficient is R = -.7, SD = .26, minimal R = -.96, maximal R = -.52 (p < .05). Whereas in the smallest C conditions (C = .04, .12) 11 out of 13 observers reported zero illusion, for the remaining C conditions the latency to first appearance of the illusion is less then 5 seconds; sometimes reversal was the first response from trial start (in 8 observers for C = .48 or .44). For these cases the mean latency of the response was 1.44 s, SD = 0.82 from stimulus onset. sampling at a rate between 10 and 20 cps. In that case we should have obtained maximal illusion strength for C-values between .1 and .2. Although the illusion does occur in this range, it is much stronger for C > .2. We conclude that the results favor the proximity hypothesis over the snapshot hypothesis.
Using C as an independent variable enables us to obtain illusions much stronger than previously reported. In the earliest studies, (Purves et al 1996; Schouten 1967) , illusion strength was not specified. Most of the recent studies only one or two temporal rotation frequencies ( Beyond the value .2, the illusion was appreciably stronger than hitherto observed for the wagon wheel illusion. According to Equation 1, the fact that the illusion reaches such high strength is covered by the gain coefficient α. We will address the high strength of the illusion in Experiments 3 and 4. High-strength illusions are not unheard of for this type of stimuli. Simpson et al (2004) , who measured the proportion of the illusory motion for a contracting gratings pattern ("bull's-eye") observed maximally 80 % illusion strength. Here, for 9 out of 13 observers we registered a 100% score for an illusory percept as C approaches .5. For .5 < C < 1 reversal would become cinematographic. However, what goes up must come down; the cinematographically reversed wheel is not exempt from the illusion: in absolute numbers, C is equivalent to (1 -C), so C = .6 corresponds to C = .4 (albeit in the opposite direction). Consistent with these considerations, illusion strength follows the same function for clockwise and counterclockwise directions ( Figure 3a) .
Adaptation We will consider the possibility that the illusion is the result of adaptation. Adaptation could weaken the predominant interpretation, giving rise through other rivalling interpretations. The "classical" motion adaptation effect -MAE -occurs following prolonged adaptation to a motion Levichkina et al.
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when an object presented afterwards is seen as moving in the opposite direction. The MAE is generally believed to require a relatively long period of adaptation: for ganglion cells the time needed for adaptation 15-20 s (Barlow and Hill, 1963) ; 88 s for direction-specific adaption in area V1 (Giaschi et al 1993) , 37 s for V2/V3 and 28 s for MT areas (Tolias et al 2001) . First reversal latencies should therefore be consistent with at least one of these estimates. Contrary to this prediction, however, for the higher C values reversals were almost instantaneous; in the case of 100% of illusion values the direction of rotation was reversed right from the start of a trial.
A second prediction for the MAE follows from observations on the aftereffect: after adaptation to a motion, a stationary object presented afterwards is seen as moving in the opposite direction (Barlow and Hill 1963; Eagleman 2001; Srinivasan and Dvorak 1979; Verstraten 1996) .
For rotating disks containing radial black and white sectors (8, 16, 32, or 64 black-white cycles), the optimal temporal frequency for generating an aftereffect was determined to be approximately 3-5 cps, the aftereffect decreases dramatically in the range of 10 to 30 cps (Pantle 1974; Lorenceau 1987) . The wagon wheel illusion should accordingly be maximal at 5 cps and minimal above 30 cps of temporal frequency. This prediction is clearly at variance with our data.
Besides the classical motion aftereffects, another aftereffect relevant to our case is the dynamic rapid motion aftereffect (DrMAE) (Pavan and Skujevskis 2013; Mather et al 2008) . This effect does not require long adaptation. It is known to occur if a pattern presented after adaptation is not static (f.e., dynamic random noise or counterphase modulated gratings) and its optimal temporal frequencies are higher than for the classical MAE (Verstraten 1998) . However, the DrMAE is still peaking well before the wagon wheel illusion reaches its currently observed maximum strength. For example, Pavan and Skujevskis (2013) observed DrMAE under a 7.5 cps condition but not under a 15 cps condition. If we assume that the temporal frequency optimum for eliciting DrMAE lies somewhere in a range between 7.5 and 15 cps, we would expect to find the maximal illusion strength for low-to-medium C levels. This prediction clearly does not coincide with our observations. Levichkina et al.
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Apart from being at variance with the data, there is a limitation to explanations based on adaptation: they fail to specify how, as opposed to aftereffects, rivaling interpretations may arise during stimulus presentation. This mechanism is provided in the approach we now turn to.
Adaptation & Aliasing A prominent theory developed for the continuous version of the wagon wheel illusion ascribes the effect to adaptation in combination with a phenomenon called aliasing in motion detectors (Kline et al 2004; Kline and Eagleman 2008) , illustrated in Figure 5 . Besides motion detectors that code for the correct direction of motion, other motion detectors that code the opposite direction also become activated. After a while the detectors that correctly code the motion become adapted, which provides the aliased ones a chance to gain control of perception; hence we observe motion reversal. This explanation, even though it was devised for the continuous version of the wagon wheel illusion, is equally relevant for the discrete wagon wheel illusion, since discreteness obviously does not exempt it from adaptation and aliasing effects. The motion detector responds when a sensor register a signal first in R1 and then, after a critical delay, in R2. This can be achieved by a signal moving from right to left, but also by the two identical signals M and N moving from left to right, hitting R1 and R2 with exactly the same time lag. This situation applies to a wagon wheel with rotating, identical spokes. Jurica et al., 2013) . Wagon wheels consist of a range of different spatial frequencies, depending on the number of periods (spokes) of the wheel, its size and viewing distance. The boundary velocity above which temporal frequency determines sensitivity was found to be approximately 2 deg/s (Kelly 1979) . Above this level maximal sensitivity to motion lies in the range of temporal frequencies 5-10 cps. The maximum of direction sensitivity also occurs in the same range. Insofar sensitivity involves fine-tuning of receptors, the finer they are tuned the less likely they are to be subject to aliasing. Where the human visual system is maximally sensitive to motion, i.e. for velocities higher than 2 deg/s and temporal frequency 5-10 cps, we would therefore expect the illusion to reach its minimum. Note that this is exactly the region where classical adaptation effects are at a maximum. Thus, the two complementary mechanisms of the adaptation & aliasing hypothesis lead to opposing predictions of temporal frequency effects on illusion strength; we could expect either a minimum or a maximum, depending on which prevails. In this experiment (and in the ones to follow), however, we observed neither a maximum, nor a minimum as a function of frequency.
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Adaptation and aliasing can therefore be dismissed as the main source of the discrete wagon wheel illusion. Not only do these mechanisms fail to explain the strongest effects observed, the effects they predict failed to occur. These results leave open the possibility that adaptation and aliasing play a subordinate role in the discrete illusion or that they constitute an important mechanism for the continuous one.
Experiment 2
Whereas most previous studies have assumed wagon wheel illusion strength to be a function of temporal frequency, Experiment 1 shows that the strength follows an attraction function of angular displacement. Yet, in Experiment 1 displacement is still confounded with temporal frequency. It is easy, however, to dissociate these parameters: an apparent motion with the same temporal frequency can be produced by stimuli of different combinations of frame rate and displacement provided that these parameters lay within the "window of visibility" (Watson et al 1985) . C -values -.04, -.12, -.2, -.28, -.36, -.44 . Two different frame duration conditions were used for stimulus presentation (10 ms -as in Experiment 1 -and 20 ms). Instructions and procedure were same as in Experiment 1. We conducted 24 trials, 12 with 10 ms frame duration and 12 with 20 ms frame duration, all in random order. The complete experiment lasted 49 min.
Results, discussion
Angular displacement and strength of the illusion. Our first 2-way ANOVA with factors frame duration (2) and angular displacement C (12) yielded main effects of both factors; for frame duration, perceptually balanced sizes. The second set of stimuli was calibrated to make spokes of the wheel sinusoidal in terms of changes of their physical light intensity by applying a correction to the CRT gun voltage that is controlled by the computer graphics system. We made the correction using a calibration procedure similar to that proposed by Metha et al (1993) . The bright and dark segments of the physical sinusoidal pattern appear slightly unequal due to the nonlinearity of human perception of light intensity. However, the results for both types of stimuli were very similar and therefore we here present data obtained with standard gamma-correction only.
Wagon Temporal frequency and illusion strength. Next, we rearranged the data to perform a 2-factor ANOVA with frame duration (2) and temporal frequency (6). Note that the need for independent factors limits the number of temporal frequency conditions: the highest frequency within the 20 ms frame duration condition is 24 cps. We obtained an effect of frame duration conditions, F(1, 16) = 14.6, p < .003, MsErr = 206.4; the illusion being stronger for the 10 ms than for the 20 ms frame duration. This is opposite to the previous analysis; however, this is because strength for the highest two temporal frequencies, 24 cps and 20 cps, is higher than for the other temporal frequencies (24 cps differs from all others, p < .001, 20 cps differs from 4 cps and 8 cps, p < .001). Also, for the highest two temporal frequencies, the illusion strength is higher for the 20ms than for the 10 ms frame duration (p < .001).
The data from Figure 7a and their exponential fits are replotted according to temporal frequency in Figure 7b . The replotted curves are less uniform than the original ones. We may therefore conclude that angular displacement C rather than temporal frequency is the primary determinant of illusion size.
Nevertheless, the two curves in Figure 7a are not invariant across temporal frequency conditions; as in Experiment 1 they differ mainly in their values of the gain coefficient α in Equation
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1. We first investigate whether this deviation from uniformity can be explained by the snapshot hypothesis. The snapshot hypothesis would predict a minimum of the illusion strength due to the snapshot rate for 8 cps in the 10 ms condition, which is equal to .08 C, while in 20 ms condition it would be .16 C. Thus, if the lack of invariance were due to snapshot frequency, the illusion should be stronger for C =.16 than for C = .08 in the 10 ms condition, and vice versa in the 20 ms condition.
However, no difference was observed between C = .08 and C = .16, neither in the 10 nor in the 20 ms condition (Wilcoxon matched pairs test, p>0.05). We conclude that the snapshot hypothesis cannot even explain the lack of invariance of the wagon wheel illusion.
In the remaining part of this article we will be concerned with identifying the source of the temporal frequency effect on the gain coefficient α in Equation 1. Since this coefficient also covers the rise to exceptionally high illusion strengths, in particular in the 10 ms frame duration condition, the source of both effects could be the same. These effects occur in the same spatial and temporal ranges as the well-known illusory increase in spatial frequency, historically addressed as the frequency doubling illusion (FDI). Kelly (1966) observed an (FDI) using sinusoidal stimuli which were alternated in counter phase (flickered) at high temporal frequencies, the perceived spatial frequency of the gratings often appeared twice the actual one. The FDI is most predominant with spatial frequencies below 3 cpd and temporal frequencies above 7 Hz; it gradually decreases above 3 cpd and disappeared for temporal frequency above the critical flicker frequency (CFF). Kulikowski (1971) obtained a FDI for flickering sinusoidal gratings in a range similar to Kelly's that persists up to 5 cpd. These effects are not limited to flickering gratings. Also in drifting, nonflickering, sinusoidal patterns, the apparent spatial frequency increases gradually with temporal frequency, almost reaching doubling for frequencies >20 cps (Parker 1983 ). This effect also occurs when nonflickering gratings with low spatial frequency are presented briefly (Kulikowski 1975; Maddess and Kulikowski 1999 ).
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Although historically associated with frequency doubling, the FDI may be a graded phenomenon (Demirel et al 1999; McKendrick et al 2003; Parker 1981; Parker 1983; Richards and Felton 1973) . Demirel et al (1999) described a gradual increase in perceived spatial frequency, reaching doubling at spatial frequencies less then 4 to 6 cpd and temporal frequencies more then 12
Hz. These spatiotemporal ranges overlap with the ones that produce the wagon wheel illusion. We will therefore consider the FDI as a ` intervening variable that affects the gain coefficient α of the attraction function in Equation 1.
Since the value of C is proportional to 1/ the stimulus period, if FDI shortens the perceived periodicity, then the perceived C is likely to be overestimated by the same factor, and increases in C may be observed to have reached the point where cinematographic reversal occurs, before C reaches the .5 value. Thus, FDI give rise to a virtual cinematographic reversal: a veridical reversal in wheel rotation direction as a result of an illusorily increased number of spokes.
We, therefore, propose that frequency doubling is the intervening variable. Its multiplicative effect increases the strongest illusions most, in particular under conditions most suitable for the FDI, which means in our case high C values and the 10ms condition. To test for the occurrence of frequency doubling in the wagon wheel illusion and its influence on the illusion, we performed two further experiments. One experiment aims to establish whether the FDI occurs for wagon wheel stimuli; the other whether it plays the expected role in boosting the illusion.
Experiment 3
To directly address the question whether the apparent spatial frequency of a wheel changes with temporal frequency, we presented rotating wheels, which from one presentation to the next either changed or remained the same in temporal or spatial frequency (the number of spokes).
Observers reported perceived changes in the number of spokes between presentations. The FDI occurs when temporal frequency is higher than 7-12Hz (Kelly 1966; Kulikowski 1971; Demirel et al Levichkina et al. Wagon Wheel Illusion Page 24 1999) , and thus if temporal frequency changes from less than 7 to more than 12 cps, this should lead to FDI and so we may expect observer to report increases in the number of spokes.
Methods
Observers. Eight naive observers (4 males) whose age varied from 18 to 26 years (mean 21) took part in the experiment. None of them participated in our other experiments.
Stimuli and Procedure. Wheel sinusoidal stimuli of 8, 16 or 32 periods were used, rotating with 10ms FD. FDI starts occurring for temporal frequencies above 7 cps. The temporal frequencies of the wheels presented were either a below or one above the threshold for FDI: 4 and 16 cps, respectively. The 16 cps value and its corresponding C level were expected from Experiments 1-2 to keep the number of possible illusory reversals at sufficiently low level, so as not be confused with the actual, i.e. cinematographic reversal that was used for prompting a response. For this C-value, the reversal rate is low even when frequency doubling is taken into account. To further minimize the role of illusory reversal, we only used the first report after a cinematographic change to the stimulus direction. First appearance latencies of the illusion for these low C levels were much larger than the 5 s interval between cinematographic reversals (see below). Indeed, across all observers we found that reversals other than the cinematographic ones were extremely rare.
The experiment has 10 trials. Each trial consists of a sequence of 19 presentations of a rotating wheel, each presentation lasting 5 seconds. Between presentations, the rotation direction of the wheel was always reversed. At each reversal, observers indicated whether the spoke number had changed between presentations by pressing one of three buttons: "=", ">" or "<" on a small response panel which they held in both hands, and responding with their thumbs. The response panel had four buttons, the left outmost was marked as ">", right "<" and both central "=". Observers were instructed to choose before the experiment the more convenient of two central buttons and respond "=" with this button during the experiment.
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Within each trial, there were three different conditions on the order between two subsequent presentations: one in which the only difference was the direction of motion (MD), a second in which the spatial frequency changed as well (SF), and a third in which spatial frequency remained the same but temporal frequency changed (TF) as motion direction reversed.
Each of three types of changes occurred 6 times in each trial, 60 times during the experiment and numbers of increasing and decreasing for both spatial (SF) and temporal (TF) frequency changes where each equal. We did not expect observers to perceive more than doubled spatial frequencies, so for the SF condition we used only transitions between 8-16 and 16-32 periods.
In the TF condition spatial frequency remained the same while temporal frequency changed between 4 and 16 cps.
Before each trial the fixation dot appeared on the screen alone for 2 seconds, indicating the beginning of the trial. Observers were instructed to fixate the dot in the center as soon as it appeared and to maintain their fixation during the trial. Each trial plus its "fixation start" lasted for 97 seconds (2 sec of fixation + 19 episodes of 5 sec each). There were 100 s resting intervals between trials, during which the screen was uniformly background gray. The complete experiment lasted 32 min.
Before the experiment observers had a training session consisting of 3 trials. The trials and resting periods for the training sessions were the same as in the experiment, but the sequences of trials were different.
Results, Discussion
We defined a response as "correct" if an observer responded according to physical changes of the wheel between the episodes. For the MD condition the correct response was therefore "=";
For the SF condition "<" was correct if the spatial frequency was decreased and ">" if it was increased; for the TF condition the correct response was "=". between stimuli for "both equal" condition (MD), "spatial frequency changes" condition (SF), and "temporal frequency changes" condition (TF); 8 observers.
In the MD condition, 88.96% (SEM=3.36) and in the SF condition, 97.5% (SEM=1.17), respectively, of responses were correct. Percentages correct in the SF condition are significantly larger than in the MD condition (Wilcoxon signed-ranks test, p=.028). In the TF condition, only 18.12% of responses was correct (SEM=6.89). In 80.62% (SEM=7.02) of the cases, increased temporal frequency was perceived as increase in spatial frequency and decreased temporal frequency was perceived as decrease in spatial frequency. Only in 1.26% of the cases were changes in temporal frequency observed as changes in spatial frequency. In neither SF nor TF conditions did we find any significant differences between increases and decreases. We also did not find ranks test, p=.012) and SF (Wilcoxon signed-ranks test, p=.012). Observers correctly detected changes in spatial frequency, as long as the temporal frequency remained unchanged. When temporal frequency changed, observers perceived change in spatial frequency, even though the number of spokes did not change physically.
This result unambiguously demonstrates the occurrence of the frequency doubling illusion in the wagon wheel stimuli. Between observers, there is a large individual variation in the extent to which observers are liable to the illusion: this varies from 50 to 100% of TF conditions. This may explain the individual variability in wagon wheel illusion strength for C > .25.
Of the temporal frequencies used, one was over and another under the threshold for the FDI;
but at the same time, one was above and the other below the theoretical 10 Hz snapshot rate (VanRullen et al 2005) . We may consider if the result could be understood in accordance with the snapshot hypothesis. Frequency doubling might occur because of snapshots, if we assume that two rotation steps occurring at a rate faster than the snapshot are superimposed. But that would undermine the very logic of the snapshot explanation of the Wagon Wheel illusion as given in Figure 1 , for which it is crucial that such information is not superimposed.
Experiment 4
In Experiment 3, we established the presence of the FDI in the wagon wheel illusion. We are still to determine whether FDI has an effect on the illusion strength curve. We reasoned that at some point along the curve before C reaches .5, FDI should combine with probabilistic reversal to yield approximately 50-50 responses for each alternative orientation. We obtained these points in our Experiments 1 and 2, which used two-alternative forced choice responses. VanRullen et al (2005) , by contrast, instructed observers "to refrain from responding when motion was so fast that the spatial pattern became a blur", so in fact observers made a 3-AFC between two types of motion and "uncertain". However, authors provided no data to support the idea that blurring actually occurs for Levichkina et al.
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the range of rotation speeds used, or its dependency on temporal frequency. If the higher temporal frequencies merely blur the wagon wheel, one would expect uncertainty further to increase in illusion strength as C approaches .5, as this translates into higher frequencies. However if increasing C leads to spatial frequency doubling, we may expect uncertainty to decline with further increases of C after reaching a maximum. The initial maximum is because of the onset of FDI leads to ambiguity; the decline is because for further increases of C lead to, what we called, a virtual cinematographic reversal.
We added "uncertain" as a third response category, and registered the number of uncertainty responses as a function of C. If frequency doubling is affecting the wagon wheel illusion, we should observe that uncertainty reaches a maximum between .32 and .44 C where the illusion strength reaches 50%, and uncertainty should decline for the upper range of C values, as the reversal here is a matter of cinematographic reversal resulting from illusory frequency doubling.
Method
Observers. Six naive observers (5 males), whose age varied from 23 to 33 years (mean 28.3) took part in this experiment (none of whom participated in our other experiments).
Stimuli and Procedure. Experiment 3 used the same conditions as Experiment 1, except for the response alternatives: observer had to choose between 3 alternatives (instead of 2 in Experiment 1):
one for clockwise rotation, a second for counterclockwise rotation and a third in case direction was uncertain and the observer could not define it as clockwise or counterclockwise. As in the Experiment 1, we used two outermost buttons for "clockwise" and "counterclockwise" while we now used the central button for the "uncertain direction" response. Observers had no information about the association between the rotation velocity and uncertainty of the rotation direction.
Results, Discussion
One-way repeated-measures ANOVA (11 levels) as in Experiment 1 showed a C-effect, 
General discussion
Both continuous and discrete versions of the wagon wheel illusion have previously been investigated in relation to the temporal frequency of wheel rotation, but this has so far not resulted in a lawful psychophysical description. Effects of temporal frequency appear to be far from systematic.
With continuous versions, Schouten (1967) found the wagon wheel illusion for rotations between 30
and 35 cps and a partial standstill effect between 8 and 12 cps; Purves et al (1996) observed it from 2 to 20 cps, and VanRullen et al (2005) with both a continuous and a discrete version in the range 2.5-40 cps, reaching a maximum at about 10 cps. Differences between discrete and continuous versions, in combination with other differences in stimuli might explain these discrepancies. To us, however, the lack of systematicity in results suggests that illusion strength is not primarily a Levichkina et al.
Wagon Wheel Illusion Page 31 function of temporal frequency. But at least for the discrete version, the present experiments revealed systematic, exponentially scaled dependency of illusion strength on proximity, expressed in terms of C -the relative angular displacement of a stimulus period between two adjacent frames.
Possible values of C range from 0 to .5. By systematically varying C across its full range, we were able to obtain unprecedentedly strong wagon wheel illusions.
The strength of the discrete illusion varied systematically and lawfully with C, according to an attraction function (Kubovy & Wagemans, 1995) . This means that contour proximity across discrete time steps determines the percept probabilistically and in a graded fashion. In Experiment 2, we showed that proximity in terms of C is a much stronger predictor for illusion strength than temporal frequency. This result is consistent with the prediction of the commonly accepted quadrature model of motion detection (Watson, 1990) .
The exponential attraction function that applied here and to static dot lattices was found not to apply in moving dot lattices (Gepshtein and Kubovy 2007) . Our conditions, although involving moving stimuli, are similar to the static dot lattices in one respect: the modeled variable, C, do not depend on metric units of time, although it does depend on time order -displacement is determined between subsequent orientations in otherwise static frames.
Proximity alone could not explain why the maximum level of the illusion strength in our experiments reached up to 100 %. We proposed that the well-known frequency doubling illusion (FDI) arises for certain temporal frequency ranges, which boosts the gain of the attraction function and leads for the higher values of C to, what we called: virtual cinematographic reversal. Veridical cinematographic reversals are possible only for C > . 5 step size C. Yet, C is expressed as a proportion of the stimulus period, and FDI makes the number of spokes appear larger, and hence the periods appear smaller than they are. Therefore the reversed wheel movement will become predominant already before C reaches the .5 value. This effect explains why the illusion can reach
Since FDI is a function of frequency, gain modulation of the attraction function of proximity by FDI explains why in Experiment 1, the wagon wheel illusion is stronger in 10 ms than in 20 ms frame duration conditions, even though both have the same displacement per frame refreshment.
The mechanisms underlying the FDI require further investigation. Of the efforts made starting from the sixties to date, none was able to capture all its features in an encompassing theory (for the review see Vallam, 2006) . Nevertheless, we may conclude that, in combination with proximity, frequency doubling underpins a lawful explanation for the wagon wheel illusion under discrete illumination.
Other approaches were seen to be less successful. The snapshot hypothesis assumes discrete sampling of a visual input at a certain temporal frequency to offer an explanation of the wagonwheel illusion in terms of attentional undersampling. Our results led us to dismiss the snapshot hypothesis. It would predict the highest strength of the illusion at rates between 10 and 20 cps as a result of motion processing based on snapshots taken every 50-100 ms, whereas much stronger illusions could be found for higher temporal frequencies -effectively as a function of C. Moreover, our Experiment 2 showed that temporal frequency was not the main determinant of illusion strength.
When C remained the same, twice the frequency led to almost the same illusion strength. To accommodate these results, the snapshot hypothesis would require the discrete sampling of a visual input to occur at a variable, adjustable rate. But if snapshot rates are adjustable, why would they not be made fast enough to ban the undersampling that is supposed to cause the illusion to begin with?
A possible answer to this question could be found in the proposal that snapshots can only be adjusted within a limited set of durations (e.g. Geissler et al 1999) .
Note that adaptation and aliasing mechanisms (Kline et al 2004; Kline and Eagleman 2008) that were originally advanced for continuous versions of the illusion, do not fare better in explaining our results. For instance, the strongest illusions do not correspond to the frequency range known to be best for adaptation effects. In combination with aliasing, adaptation cannot explain illusions Levichkina et al.
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Recent data obtained within the adaptation & aliasing framework (Kline and Eagleman, 2008) showed the illusory reversals occur even for non-periodic moving stimuli including the random dot pattern. This is completely inconsistent with the snapshot hypothesis but could, in principle, easily coexist with the adaptation and aliasing view. However neither does FDI require any periodicity in a stimulus, simply because it acts at the level of individual motion detectors, not the whole percept. Compared to periodic stimuli, illusion strength for random dot patterns was smaller, plausibly because their strong high-spatial frequency component makes them less prone to the FDI.
In Experiments 3 and 4, we tested directly whether the FDI affects the discrete version of the wagon wheel illusion. In Experiment 3 we observed that increasing temporal frequency of the stimulus led to a perceived increase in spatial frequency. This effect was obtained only in the temporal frequency ranges characteristic of FDI. As a result, virtual cinematographic reversal comes into play. If this explanation is correct, we expect observers to go through a period of maximal uncertainty about the direction of the wheel movement as C is increased, where veridical movement and virtual cinematographic reversal are about equally strong. In Experiment 4 we used their instruction is phrased, somewhat suggestively: "to refrain from responding when motion was so fast that the spatial pattern became a blur". Other factors may have further contributed to the uncertainty, such as a smaller stimulus size than ours (2 as opposed to 10 degrees of visual angle) and foveal presentation, which has a stronger FDI effect comparing to parafoveal presentation (Parker 1983) . The foveal area also has a lower CFF limit, which might increase the uncertainty level in high temporal frequency presentations. All these effects combined could have lead to the illusion strength curve described by these authors. For these reasons, and because of its focus on presentation frequency, VanRullen et al. (2005) failed to observe the illusion beyond C = .33, thereby missing the strongest discrete wagon wheel illusions, for which FDI constitutes the most likely explanation.
Could we consider FDI for the continuous version of the wagon wheel illusion as well? Note that discreteness of presentation can arise even in the case of uniform daylight illumination of a moving periodic stimulus. For example, variations in reflectivity of different parts of a stimulus might produce a periodic pattern of glinting ‡ and therefore produce the effects observed under discrete presentation. The presence of a discrete period opens the possibility that FDI could also be involved in discrete variants of the illusion. Consistently with this hypothesis, Schouten (1967) and Purves et al (1996) both reported increases in perceived spatial frequency together with the reversals for the wagon wheel illusion under continuous light. Frequency doubled response for drifting gratings were found in V1 complex cells (Hawken et al 1996) . This result raises the possibility that we may still find some level of FDI under continuous illumination. Notwithstanding these speculations, our findings show that effects of proximity and FDI determine at least the discrete form of the wagon wheel illusion. ‡ We would like to thank an anonymous reviewer for bringing this phenomenon to our attention.
